Abstract-Through-lossy-slab radar imaging will be shown at stand-off ranges using a low-power, ultrawideband (UWB), frequency modulated continuous wave (FMCW) radar system. FMCW is desirable for through-slab applications because of the signal gain resulting from pulse compression of long transmit pulses (1.926-4.069 GHz chirp in 10 ms). The difficulty in utilizing FMCW radar for this application is that the air-slab boundary dominates the scattered return from the target scene and limits the upper bound of the receiver dynamic range, reducing sensitivity for targets behind the slab. A method of range-gating out the air-slab boundary by significant band-limiting of the IF stages facilitates imaging of low radar cross section (RCS) targets behind the slab. This sensor is combined with a 1D linear rail and utilized as a rail synthetic aperture radar (SAR) imaging system. A 2D model of a slab and cylinder shows that image blurring due to the slab is negligible when the SAR is located at a stand-off range of 6 m or greater, and thus, the two-way attenuation due to wave propagation through the slab is the greatest challenge at stand-off ranges when the air-slab boundary is range-gated out of the scattered return. Measurements agree with the model, and also show that this radar is capable of imaging target scenes of cylinders and rods 15.24 cm in height and 0.95 cm in diameter behind a 10 cm thick lossy dielectric slab. Further, this system is capable of imaging free-space target scenes with transmit power as low as 5 pW, providing capability for RCS measurement.
A Through-Dielectric Radar Imaging System I. INTRODUCTION A RADAR sensor capable of imaging targets behind a lossy dielectric slab at stand-off ranges will be shown in this paper. The motivation is to develop a sensor capable of locating targets behind a lossy dielectric slab (such as concrete, plastic, wood, ceramic, drywall, or other dielectrics) without a priori information or assumptions about the target scene. Linear frequency modulation (LFM) radar was chosen because of the single-pulse sensitivity and dynamic range resulting from pulse compression of long time duration (10 ms) pulses. A 10 ms pulse time is too long for use in a pulsed radar in a through-slab application because the range swath is small (typically spanning 0 to 20 m or less down range) compared to the pulse length. As a result, FMCW must be utilized, where the radar transmits and receives simultaneously. Unfortunately, the scattering off of the air-slab boundary causes the greatest target return, setting the upper bound of the dynamic range in the digital radar receiver which effectively limits sensitivity. It is for this reason that the majority of through-slab radar development has focused on UWB short-pulse radar systems, where the air-slab boundary can be range-gated out in the time domain, allowing for maximum dynamic range and sensitivity to be applied to the range bins behind the air-slab boundary. Examples of this operating in the 1-3 GHz frequency range are treated in [1] - [5] . In order to achieve the average power necessary for reasonable signal-to-noise ratios (SNRs) of returns from targets behind lossy slabs these radar systems must operate at a high peak power, or alternatively, at a low peak power with a high pulse rate frequency (PRF). Coherent integration on receive is necessary to take advantage of the increased average transmit power when operating at a high PRF. UWB short-pulse radar systems rely on the latest analog to digital converter (ADC) technology because of the bandwidths required to acquire single pulses. Motivated by ability of UWB short-pulse radar to range-gate out the air-slab boundary, but with a desire to achieve high single-pulse SNR using low peak transmit power, a modified FMCW radar architecture is developed that provides an effective range gate while at the same time operating in an FMCW mode using 10 ms LFM pulses. This architecture provides high sensitivity and dynamic range for detection of targets behind a slab with easy-to-meet ADC specifications (16 bits of resolution at 200 KSPS). This radar sensor operates at S-band, where it radiates UWB S-band linear chirps from 1.926-4.069 GHz, and it is mounted on to a 1D rail where it is utilized as a rail synthetic aperture radar (SAR) imaging sensor.
Most through-lossy-slab radar systems use some method of beam forming to localize targets behind a slab and place their antenna elements directly on or in close proximity to the slab in order to reduce air-to-slab path loss. When the antenna elements are located close to or directly on the slab the effects of Snell's law severely reduce the performance of free-space beam forming algorithms by distorting wave propagation through the slab, therefor, much research focus on through-slab beam-forming algorithms has been to develop methods to counter the Snell's law effects of the dielectric slab [6] - [11] . In this paper a 2D slab and cylinder model is developed and used to show that when SAR beamforming is utilized and the 0018-926X/$26.00 © 2010 IEEE imaging sensor is placed at a stand-off range (6 m or greater) very little image de-focusing occurs because the bending of the plane wave through the dielectric slab has a negligible effect on the SAR image. When range-gating is utilized the through-slab radar problem becomes one of achieving maximum sensitivity and dynamic range to overcome the stand-off distance to the slab and the two-way attenuation through the slab, rather than of re-focusing distorted radar data due to the slab, where, the single-pulse sensitivity and dynamic range of the modified FMCW architecture enables the use of this sensor at stand-off ranges.
In Sections II and III a composite 2D scattering model of a lossy slab and a cylinder is developed to demonstrate the utility of operating a through-slab SAR at stand-off ranges. Although the authors have chosen to model a 2D infinite cylinder and slab, the simulated and measured results will be shown to be in agreement. From these results, a radar architecture is developed and implemented in Section IV which provides high sensitivity due to a long duration 10 ms UWB chirp and a short-duration range gate. Free-space SAR imagery of 15.24 cm tall metal rods using 10 mW and 5 pW of peak transmit power is shown in Section V, demonstrating the high sensitivity of this design for RCS measurements. In Section VI, radar imagery through a lossy-dielectric slab is shown to agree with the model, and imagery of target scenes made up of targets as small as 15.24 cm tall metal rods behind a lossy dielectric demonstrate the SAR's sensitivity. Summary and future work are discussed in Section VII.
II. SIMULATED RANGE PROFILES
The through-slab rail SAR geometry is shown in Fig. 1 , where a dielectric slab of thickness d ( cm) is placed between the rail SAR and a perfect electric conductor (PEC) cylinder of radius ( cm). The radar system is located ( m) from the front of the slab, and the cylinder is located ( m) behind the slab. When simulating a range profile of this target scene it is assumed that the radar is located at a fixed location on the rail such that the angle of incidence .
The slab model is based on wave matrix theory from [12] , where the normalized impedance of the dielectric with a plane wave incident at an angle of from the normal is (1) where is the relative permittivity and the conductivity is assumed to be varying linearly with frequency from 0.142-0.186 S/m over the 2-4 GHz frequency range of the transmit chirp [13] .
The electrical distance traveled by the wave inside of the dielectric slab for an oblique incidence angle is (2) where the free-space wave number is
The SAR will be using vertically polarized antennas where the incident plane wave is propagating in the direction with the electric field component in the direction and the magnetic field component in the direction. Therefor the polarization is transverse magnetic to the axis [14] and thus the wave amplitude coefficient at the dielectric boundary is (4) where m is the distance from the radar system to the surface of the dielectric slab.
The simulated range-profile is calculated by solving the wave matrix equations for the complex amplitude of the field traveling in the normal direction at the air-slab interface, which is given by (5) where the complex amplitudes ( and ) of the field traveling in the direction at the interfaces of the slab and cylinder, respectively, are related by (6) The cylinder oriented vertically in the direction, and thus the scattering solution of a 2D PEC cylinder from [14] is given by (7) Fig. 2 . Simulated range profile of a 10 cm thick lossy-dielectric slab in front a 7.62 cm radius cylinder at normal incidence.
where Since the radar system is effectively mono-static, the bi-static observation angle is . The received field, a scattered plane wave from the dielectric surface, is represented by (8) The inverse discrete Fourier transform (IDFT) of is taken for a number of test frequencies that emulate an S-band LFM transmitted pulse from 1.929 GHz to 4.069 GHz in 1000 steps. The incident wave amplitude
. The simulated range profile shows the locations of the front of the slab at approximately 41 ns and the front of the cylinder at approximately 62 ns (Fig. 2) . The scattered return off of the slab-air interface is visible at approximately 42.5 ns, where the conductivity of the slab attenuates the return off of the back side of the slab. The scattered return from the slab has the greatest magnitude in this range profile, where the cylinder behind the slab is approximately 35.8 dB below the slab.
If the PEC cylinder is placed directly behind and in close proximity to the slab, then the model breaks down because this model assumes that the scattering off of the cylinder is in the far zone. Consequently, the cylinder must be located at least 4 cylinder diameters away from the rear of the slab in order to achieve accurate results.
From these results it is clear that if the dielectric slab is not eliminated from the range profile by range-gating, then the initial reflection from the slab will set the upper bound of the dynamic range of the radar's ADC-thereby reducing the number of available bits for digitizing the returns from small targets behind the slab. In addition, it is important to have the greatest sensitivity possible to overcome the two-way attenuation due to the slab. Complex target scenes comprised of large and small scatterers behind the slab are expected in practical applications, therefore, it is important to be able to detect and image as many scatterers as possible. This can be achieved by coherent change detection (or coherent background subtraction), where dynamic range facilitates the detection of the slightest change in scattered return from the target scene behind the slab. For these reasons a range gate, high-sensitivity, and high dynamic range are required.
III. SIMULATED SAR IMAGERY
The model from Section II is expanded, providing a simulated SAR image of a cylinder behind a lossy slab. The geometry is shown in Fig. 1 . The SAR is composed of a radar sensor mounted on a linear rail of length m. The antenna is directed toward the target scene which is made up of a dielectric slab and a 2D PEC cylinder at ranges m and m from the antenna. The cylinder location along the axis is defined by the offset distance from the rail center . The 2D PEC cylinder has a radius cm and is located behind the slab. The slab has a thickness of cm. The radar sensor moves down the linear rail acquiring 48 evenly spaced LFM range profiles at incremental locations from to . The incident angle is dependent upon the location of the radar at position on the rail relative to the 2D PEC cylinder : (9) where is the distance from the radar antenna to the surface of the dielectric slab in the direction of the cylinder (10) and is the distance from the opposite side of the slab to the 2D PEC cylinder (11) The quantity depends on the variables , and , which on direct substitution into (1) through (4) yield the -dependent scattered field equation represented by (8) . These calculations are represented by the frequency and railposition dependent scattered field matrix , where is the cross range radar position (in m) on the linear rail shown in Fig. 1 and is the instantaneous radial frequency at time for an LFM modulated transmit signal: (12) In this is the chirp rate of 214 GHz/s, is the radar center frequency of 3 GHz, and BW is the chirp bandwidth of 2.143 GHz. For the simulated imagery shown in this paper spans 0 to 10 ms in 256 steps. The conductivity varies from 0.140-0.188 S/m across the transmit chirp frequency range of 1.929-4.069 GHz [13] .
Coherent background subtraction is utilized in order to image the cylinder behind a lossy slab. One scattered data set was simulated without the cylinder by letting represented by , another was simulated with the cylinder present where is represented by (7) . The difference between these two data sets is the background subtracted through slab cylinder image data set (13) The range migration algorithm (RMA) from [15] was used to process SAR images of this simulated data for the cylinder in free space at a range of 9.1 m and behind the lossy slab at the same range [ Fig. 3(b) ]. The resulting relative magnitude of the cylinder behind the dielectric slab is dB, the down range location is cm, the down range extent is approximately 8.1 cm, and the cross range extent is approximately 18.4 cm. The presence of the lossy slab does not significantly distort the SAR image; however, the intensity is greatly attenuated compared to the free-space image [ Fig. 3(a) ] where the relative magnitude is dB. The resulting down range location of the cylinder in free-space is approximately cm, the down range extent is 8.1 cm, and the cross range extent is approximately 17.1 cm.
These results show that the slab causes the cylinder's image to be slightly offset in downrange position. The cylinder image is not distorted noticeably because there is no change in down range extent and only a 1.3 cm increase in cross range extent. The return magnitude of the cylinder is significantly lower ( dB) when located behind the slab. These results indicate that a degradation in radar sensitivity and dynamic range appear to be the greatest challenges to imaging behind a lossy dielectric slab when the radar imaging sensor is located at a stand-off range of 6.1 m or more.
IV. SAR ARCHITECTURE
It was shown in Section II (Fig. 2) that the air-slab boundary dominates the return amplitude in a through-slab target scene. For this reason a radar architecture is developed that provides a method for range-gating out the air-wall boundary when using long-duration 10 ms transmit chirps by utilizing a modified FMCW architecture. This architecture takes advantage of the small down-range swaths inherent in practical through-slab imaging scenarios by range gating the unwanted scatterers through the use of high-Q IF band-limiting filters which are applied to the de-correlated received radar chirp. As an added benefit this method of range gating reduces the receiver noise bandwidth fed to the digitizer.
The resulting range-to-target information from a de-correlated LFM signal is in the form of low-frequency beat tones, as shown for the case of FMCW in [16] , [17] . The more distant the target, the higher the frequency of the de-correlated beat tone. For this reason, it is possible to implement a short-duration range gate in a conventional FMCW radar system by simply placing a band-pass filter (BPF) at the output of the video amplifier. However, this is challenging to implement because it is difficult to design effective high circuit Q BPFs at base-band. Much higher performance BPFs are available in the form of IF communications filters centered at high frequencies which are found in two-way radios and communication receivers. Examples include crystal, ceramic, SAW, and mechanical filters.
IF filters provide a high circuit Q, where Q is the filter quality factor defined as [18] , is the center frequency of the BPF, and BW is the dB bandwidth of the filter. The ECS-10.7-7.5B is a 4 pole crystal filter used in this radar system that has an operating frequency of 10.7 MHz with a dB bandwidth BW of 7.5 kHz.
A simplified block diagram of the radar system is shown in Fig. 4 . The method of range gating by using high-Q communication filters will be described in detail (in the following discussion, amplitude coefficients are ignored). OSC1 is a high frequency oscillator which is tuned just above or below the center frequency of the high-Q IF filter FL1. The frequency output of OSC1 is , and the output voltage can be represented by the equation (14) The output of OSC1 is fed into the IF port of the mixer MXR1, and the local-oscillator (LO) port of MXR1 is driven by the 1.926-4.069 GHz voltage-tuned Yttrium Iron Garnet (YIG) oscillator OSC2. OSC2 is the source of the FMCW ramp modulation for this radar system. OSC2 is linear frequency modulated by a ramp input, where the output of OSC2 can be represented by the equation (15) and is the chirp rate in Hz/s.
OSC1 and OSC2 are mixed together in MXR1 to produce the transmit signal, which is then amplified by power amplifier PA1. The output of PA1 is fed into the transmit antenna ANT1 and radiates towards the target scene. The transmitted signal from ANT1 is which after some simplification becomes (16) After propagating to the target scene, scatters from the target and propagates back to the receive antenna ANT2 in the round-trip time . The received signal at ANT2 is represented by (17) The output of ANT2 is amplified by the low-noise amplifier LNA1 and is then fed into mixer MXR2. The LO port of MXR2 is fed by OSC2, which has the same LO input as MXR1. The IF output of MXR2 is the product As a practical consideration, the high-frequency terms can be dropped, since the IF port of MXR2 cannot output microwave frequencies. Performing the indicated multiplication in the preceding equation yields (18) As another practical consideration, the DC blocking capacitors in IF amplifier AMP1 rejects the DC phase terms, resulting in (19) Then is fed into the high-Q IF filter FL1, which has center frequency and bandwidth BW. Oscillator OSC1 is set to a frequency such that , causing FL1 to pass only the lower sideband of . Thus the output of FL1 is (20) Only beat frequencies in the range, , are passed through FL1. The band-limited IF signal (which is proportional to the down-range target location) is effectively a hardware range gate, because the range to the target is directly proportional to the beat frequency in an FMCW radar system. Because increasing (decreasing) the bandwidth of FL1 increases (decreases) the range-gate duration, the range gate is adjustable if a number of different bandwidth filters are switched in and out of the IF signal chain. If is increased, then FL1 passes only signals that satisfy the equality in (20) . To allow the IF signals to pass through FL1, would have to increase to compensate for a higher frequency, because is subtracted from . Thus, filter FL1 will only pass beat tones further down range but at the same range duration in length, if were increased. Consequently, the range gate is adjustable in physical down-range location (physical down-range time delay) by simply adjusting the frequency of . In the last step of the signal chain in Fig. 4 , the output of FL1 is down-converted to base band through MXR3. The LO port of MXR3 is driven by OSC1, and the output of MXR3 is fed through Video Amp1, which has an output represented by Video Amp1 is an active low-pass filter that rejects the higher frequency component of the cosine multiplication, resulting in the video output signal (21) which is a range-gated base-band video signal. This result is similar to the traditional FMCW systems described in [16] , [17] , except that this signal is band limited by a high-Q band-pass filter that provides a short-duration range gate for the long duration LFM chirp waveforms produced by this radar system. This radar is capable of chirping from 1.926 GHz to 4.069 GHz in 2.5 ms, 5 ms, and 10 ms providing chirp rates of 857 GHz/s, 428 GHz/s, and 214 GHz/s respectively. The narrow IF bandwidth provides a range gate of 8.75 ns for a chirp rate of 857 GHz/s, 17.5 ns for a chirp rate of 428 GHz/s, and 35 ns for a chirp rate of 214 GHz/s. This range gate rejects the flash off of the air-slab boundary, allowing full dynamic range of the digitizer to be applied to the target scene behind the air-slab boundary.
The hardware implementation is much like that of [17] , where the radar sensor is moved automatically down a 2.44 m linear rail to acquire range profiles of the target scene at 5.08 cm evenly spaced increments. A photograph of the radar system is shown in Fig. 5 . The receiver noise figure (NF) is 3.3 dB, the minimum detectable signal (MDS) was measured to be less than dBm, and the system analog dynamic range was measured to be greater than 120 dB (before pulse compression). The peak transmit power is approximately 10 mW and is adjustable down to the pW level. The transmit and receive antennas are linearly tapered slot antennas ( [19] ). Further details are presented in [20] .
Calibration is achieved by acquiring a single range profile of a 1.5 m tall metal pole at a known location down range. This pole is assumed to be a point target. Calibration coefficients are applied to all range profiles prior to SAR processing. Coherent background subtraction is utilized in all data shown.
The transmit pulse is continuously correlated with the received pulses in MXR2, the output of Video Amp1 is digitized, and the IDFT is applied to this data to determine range. This technique is known as stretch mode pulse compression processing [21] . By using a 200 KSPS 16 bit ADC, this radar is capable of ranging targets from 0-70 m down-range alias-free with a 10 ms pulse that chirps across 2.14 GHz of bandwidth. This architecture provides an equivalent 467 ps radar pulse resulting in a 7 cm range resolution, but at the same time, is as sensitive as a receiver with a 100 Hz bandwidth [22] . An equivalent UWB impulse radar architecture would transmit a 467 ps short pulse and would have to acquire the entire instantaneous bandwidth of this pulse scattered off of the target scene, requiring an ADC with 2.14 GHz of bandwidth and a sampling rate of at least 4.28 GSPS. Both architectures would provide the same range resolution; however, a 4.28 GSPS ADC is generally more expensive than a 200 KSPS ADC utilized in the modified FMCW radar architecture.
Furthermore, the average power transmitted by the modified FMCW architecture is 2 mW, where the peak power is 10 mW with a 10 ms pulse width and a PRF of approximately 20 Hz (a PRF of 90 Hz should be possible with better data acquisition equipment). An equivalent 2 mW average power UWB short-pulse radar would have to transmit 2 watts of peak power at a high PRF of 2.14 MHz to achieve an alias-free maximum range of 70 m. This radar would have to integrate approximately 21 400 pulses coherently to achieve the same SNR as one 10 ms pulse from the modified FMCW radar. In addition to this, 2 watt power amplifiers covering 2-4 GHz are generally more expensive than 10 mW power amplifiers.
V. FREE-SPACE RADAR IMAGERY
In this section, free-space imagery is discussed for selected scenarios to test the SAR's sensitivity and resolution. Although the radar was exercised for target scenes with numerous objects, only the free-space images of a block-S configuration of 14 carriage bolts, with equal spacing of approximately 0.305 m between adjacent bolts, are discussed (Fig. 6) . The bolts are mounted on a styrofoam board ( [14] ) that is parallel to the ground and 3.7 m from the rail SAR. Furthermore, the board is essentially electromagnetically transparent at the SARs transmission frequencies (1.926-4.069 GHz). Each bolt is 15.24 cm long with a diameter of 0.95 cm. Each bolt is mounted vertically as shown in Fig. 6 providing small down range and cross range extents, allowing the bolts act like a point scatterers. Imaging these bolts allows the SAR's resolution to be tested.
The range resolution was measured by irradiating the target scene with 10 mW of peak transmit power resulting in the image shown in Fig. 7(a) . The expected range resolution (without weighting) depends on the chirp bandwidth, and was calculated using the equation [15] ( 22) where is the chirp bandwidth ( GHz), resulting in cm. The measured down-range resolution is 8.8 cm, showing that the SAR is performing close to what theory predicts.
The cross range resolution depends on the length of the array ( m) and the distance of the point target to the front of the array in both down range and cross range. This is calculated (without weighting) by using [15] ( 23) where is the range to point target, is the angle from the center of the aperture to the point target, and is the change in target aspect angle from 0 to across the aperture. The expected cross range resolution for all targets shown at 4.87 m down range is 10.4 cm. The measured cross range is 11.7 cm. The expected cross range resolution for all targets shown at 5.76 m is 12.2 cm. The measured cross range is 11.9 cm. These results show that the SAR is performing close to predictions.
To test the SAR's sensitivity, the configuration was irradiated at three extremely low power levels at the antenna terminals [10 nW, 100 pW, 5 pW peak power measured images shown in Fig. 7(b)-(d) ]. On comparing the imagery at these power levels to the imagery at the full-power setting (10 mW), the authors observed that the apparent image signal-to-noise ratios and resolution for every power level were nearly identical, except for the 5 pW case where the point targets furthest down range are fading into the noise. This near equivalence indicates that the high sensitivity of this radar architecture is effective for low-power free-space imaging. At the high-power setting, the image is a reasonably clear rendition of the actual configuration [ Fig. 7(a) ] One can discern the 14-bolt pattern as the 14 fuzzy rectangles in a block-S configuration. In the interest of comparison, Fig. 7(d) displays the image at the lowest power level (5 pW), with 64 coherent integrations or less per range profile. Coherent integration is required to increase the SNR for measurements at this power level. While the bolts near the top of the block-S appear to be fading into the noise, each bolt is clearly shown in the image. By visually inspecting Fig. 7(a)-(d) , one can estimate the down-range and cross-range extents. In particular, the down-range extent is 0.89 m between 4.87 m and 5.76 m, and the cross-range extent is 1 m between m and 0.5 m. The bolts are not as well separated in the cross-range dimension as they are in the down-range dimension because the down-range resolution is better than the cross-range resolution. A highly sensitive system like this SAR could have numerous applications, including RCS measurement, automotive radar, and low probability of detection radar.
VI. THROUGH-SLAB SAR IMAGERY
To conduct through-slab imaging, a lossy dielectric slab was built out of solid concrete blocks that were mortared together. The resulting slab was approximately 10 cm thick, 3 m wide, and 2.4 m tall. The slab was built onto a wood structure with casters so that the ensemble could be repositioned within the laboratory space (inside a garage). A photograph of the target scene, showing the rail SAR positioned 9 m from the slab in the garage, is displayed in Fig. 8 . The dielectric properties of this slab are difficult to define because they depend on the mixture of the concrete used in the blocks. Consequently, based on the work of Halabe et al. [13] , the relative permittivity and the conductivity of the slab are assumed to be 5 and varying linearly from 0.140-0.188 S/m across the transmit chirp frequency range of 1.929-4.069 GHz. These dielectric properties are presented here as a reference and were not used in the imaging algorithm or to focus the resulting imagery. Measured images of objects behind the slab were achieved using 10 mW of peak transmit power and 32 (or less) coherent integrations per range profile. All targets imaged were made up of good electric conductors. For the purpose of comparison to the measured imagery, the simulated imagery was calculated from the model in Section III. All imagery is based on the object scene depicted in Fig. 1 , where the distances are taken to be 9 m, 11.4 m, 0.34 m . When the hidden object is a cylinder of radius 7.62 cm, the simulated and measured images are in close agreement (Fig. 9) . The additional features in the measured image are probably induced by interactions between the cylinder and the (subtracted) background clutter.
For a second scene, three objects (the carriage bolts of Fig. 6 ) having much smaller RCSs than the cylinder are placed along a diagonal line behind the slab. These bolts are mounted vertically, providing small down range and cross range extents that allow the bolts to act like point scatterers, hence enabling the SAR's resolution through a lossy dielectric to be tested. In the image (Fig. 10) , the location of each bolt is clearly discernible. The fact that this group of bolts can be imaged demonstrates the SAR's sensitivity when imaging through a lossy dielectric slab. These results show the potential for imaging other low RCS targets behind a slab, including objects made out of dielectrics. The dielectric objcts would have to scatter an RCS equal to or greater than a 15.24 cm tall metal bolt. The expected down range resolution, calculated from (22) is 7 cm. The measured down range resolution is 8.9 cm and 7.8 cm for the bolts located at 1114 cm and 1205 cm down range, respectively. The expected cross range resolutions calculated from (23) are 23.1 cm and 24.9 cm at 1114 cm and 1205 cm down range, respectively. The measured cross range resolutions are approximately 21.5 cm and 32.2 cm at 1114 cm and 1205 cm down range. When imaging through a lossy dielectric slab, the range resolution is very close to what is possible in free-space. Consequently, such a radar system could be useful in imaging diverse object scenes behind dielectric slabs, when little a priori knowledge of the obscured objects is available. 
VII. CONCLUSION
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